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Introduction {#sec1}
============

AT consists of two primary tissue types, white adipose tissue (WAT) and brown adipose tissue (BAT). WAT is composed of mature adipocytes containing a unilocular fat droplet and the stromal vascular fraction (SVF), which is composed of multiple cell types including progenitor cells and immune cells. WAT is primarily involved in functions of energy storage, hormone production, local tissue architecture, and immune function ([@bib37]). WAT can be broadly categorized into two different types: visceral WAT (vWAT) and subcutaneous WAT (scWAT). vWAT surrounds the internal organs, and an excess accumulation of vWAT has been associated with metabolic impairments ([@bib37]). scWAT is primarily found around the thighs and buttocks, and a predisposition for storage of lipids in this region over storage in vWAT has been linked with insulin sensitivity and a reduced risk of type 2 diabetes ([@bib38]). This suggests that there are distinct physiological functions of these two classes of WAT.

Although WAT is typically classified as vWAT or scWAT, these types of AT can be further classified based on the specific location of the AT depot. In the mouse, which has been widely studied, there are six vWAT depots: perigonadal WAT (pgWAT), mesenteric WAT (mWAT), perirenal WAT (prWAT), retroperitoneal WAT (rpWAT), cardiac WAT (cWAT), and triceps-associated WAT (triWAT). For scWAT, there are three major depots in the mouse: inguinal WAT (ingWAT), anterior subcutaneous WAT (asWAT), and interscapular WAT (isWAT). The function of each scWAT and vWAT depot, as well as how they respond to various stimuli, has not been thoroughly investigated.

BAT is composed of adipocytes that house multilocular fat droplets and an abundance of mitochondria. BAT is a thermogenic energy-expending tissue that helps to regulate body temperature ([@bib26]). In the mouse there are five major BAT depots: interscapular BAT (iBAT), mediastinal BAT (mBAT), perirenal BAT (prBAT), axillary BAT (aBAT), and cervical BAT (cBAT). The function of each BAT depot has not been investigated. Combining all the types of AT, there are a total of 14 different AT depots in the body (3 scWAT, 6 vWAT, and 5 BAT). The anatomical distribution of these depots can be seen in [Figure 1](#fig1){ref-type="fig"}A.Figure 1Changes in Adipose Tissue Depot Mass After Chronic Exercise(A) Images of each adipose tissue depot from sedentary and exercise-trained mice.(B and C) (B) Body weight and (C) tissue weight of each adipose tissue depot from sedentary and exercise-trained mice. Data are presented as means ± SEM (n = 8/group; \*p \< 0.05).

Emerging evidence suggests that exercise results in major adaptations to AT, which play a role in the metabolic effects of exercise on health ([@bib2], [@bib29], [@bib33], [@bib34], [@bib32], [@bib39]). Most studies of exercise have focused on the three most commonly studied AT depots in rodents; ingWAT, pgWAT, and iBAT. These investigations suggest that these major classes of AT have a varying response to exercise. Exercise training increases mitochondrial activity in pgWAT and ingWAT ([@bib29], [@bib34], [@bib35], [@bib39], [@bib43]). Other studies have shown that exercise causes a beiging, or an increased presence of brown-like adipocytes, in ingWAT in rodents ([@bib2], [@bib4], [@bib25], [@bib34], [@bib39]). We found that transplantation of exercise-trained ingWAT improves the glucose metabolism of recipient mice, whereas transplantation of exercise-trained pgWAT has no effect on the whole-body glucose metabolism ([@bib34]). Studies investigating the effect of exercise on iBAT have resulted in conflicting findings showing both increases ([@bib44]) and decreases ([@bib18], [@bib43]) in mitochondrial activity with exercise training. Taken together, these data suggest that ingWAT, pgWAT, and iBAT each have distinct responses to exercise training.

The effects of exercise training have only been studied in these three major AT depots, which account for only ∼50% of the AT mass in a mouse. In the current study, we examined the effects of exercise on the expression of genes involved in mitochondrial activity, beiging, glucose metabolism, and fatty acid oxidation in each of the 14 AT depots. We found that exercise induces specific adaptations to scWAT, vWAT, and BAT, and also induces depot-specific effects within each class of AT. These data indicate that each AT depot has a unique metabolic response to exercise training.

Results {#sec2}
=======

Effects of Exercise Training on Body Mass and Adipose Tissue Mass {#sec2.1}
-----------------------------------------------------------------

To determine the effect of 3 weeks of exercise training on each AT depot, mice were euthanized and 14 different AT depots were rapidly dissected from sedentary and exercise-trained mice ([Figure 1](#fig1){ref-type="fig"}A). Exercise training significantly decreased body mass in mice by ∼10% ([Figure 1](#fig1){ref-type="fig"}B). Exercise training decreased the mass of two scWAT adipose tissue depots (ingWAT and isWAT), one vWAT depot (pgWAT), and two BAT depots (iBAT and prBAT) ([Figure 1](#fig1){ref-type="fig"}C). There was no effect of exercise on the mass of the other depots.

Exercise Regulation of scWAT {#sec2.2}
----------------------------

We determined the effects of exercise training on gene expression in the three distinct scWAT depots, asWAT, isWAT, and ingWAT ([Figures 2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}, and [S1](#mmc1){ref-type="supplementary-material"}). For asWAT, there was an interesting response pattern to exercise training. Exercise training had no effect on the expression of mitochondrial or beiging marker genes ([Figure 2](#fig2){ref-type="fig"}A), decreased the expression of many genes involved in glucose metabolism ([Figure 2](#fig2){ref-type="fig"}B), and increased the expression in multiple genes involved in fatty acid oxidation and metabolism ([Figure 2](#fig2){ref-type="fig"}C). In contrast to asWAT, with the exception of a decrease in one gene involved in glucose metabolism (*Eno1*), there was no effect of exercise training on the expression profile for mitochondrial, beiging, glucose metabolism, and fat metabolism genes in isWAT ([Figures S1](#mmc1){ref-type="supplementary-material"}A--S1C).Figure 2Exercise Decreases Genes Involved in Glucose Metabolism and Increases Genes Involved in Fatty Acid Oxidation in asWAT(A) Expression of genes involved in mitochondrial activity and beiging.(B and C) (B) Glucose metabolism and (C) fatty acid oxidation in asWAT. Data are presented as means ± SEM (n = 8/group; \*p \< 0.05, \*\*p \< 0.01).Figure 3Exercise Increases Mitochondrial Activity, Glucose Metabolism, and Genes Involved in Fatty Acid Oxidation in ingWAT(A--D) (A) Expression of genes involved in mitochondrial activity and beiging, (B) glucose metabolism, and (C) fatty acid oxidation. (D) Protein expression of UCP1 in ingWAT. Data are presented as means ± SEM (n = 8/group; \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001).(E and F) (E) Basal OCR in adipocytes differentiated from sedentary and trained ingWAT and (F) bioenergetic profiles of adipocytes differentiated from sedentary and trained ingWAT. Data are presented as means ± SEM (n = 5/group; \*\*\*p \< 0.001).(G--I) (G) Images and (H) quantification of NADH autofluorescence and (I) NADH-positive area in ingWAT. Data are presented as means ± SEM (n = 3/group; \*p \< 0.05 compared with baseline; \#p \< 0.05 compared with day 5). [Figure 3](#fig3){ref-type="fig"}G: scale bar, 50μm.(J--L) Protein expression of (J) HK2, (K) GLUT1, and (L) GLUT4 in ingWAT. Data are presented as means ± SEM (n = 8/group; \*p \< 0.05).(M--O) (M) Glucose uptake in differentiated adipocytes isolated from sedentary and trained ingWAT. Data are presented as means ± SEM (n = 3/group; \*\*p \< 0.01). Protein expression of (N) CD36 and (O) FATP1 in ingWAT. Data are presented as means ± SEM (n = 8/group; \*\*p \< 0.01).

We found that the most robust effects of exercise training in the scWAT class occurred in the ingWAT depot. There were significant changes in numerous genes involved in mitochondrial function and beiging ([Figure 3](#fig3){ref-type="fig"}A) and glucose metabolism ([Figure 3](#fig3){ref-type="fig"}B), and a change in the expression of three genes involved in fatty acid oxidation ([Figure 3](#fig3){ref-type="fig"}C). Given the striking changes in this scWAT depot, we used this depot to determine functional adaptations that occur in response to exercise training. Consistent with gene expression changes, we found that exercise training increased UCP1 protein expression in ingWAT ([Figure 3](#fig3){ref-type="fig"}D). To determine if changes in mitochondrial gene expression resulted in changes in function, we used three approaches: expression of mitochondrial proteins, oxygen consumption via seahorse, and measurements of NADH autofluorescence in ingWAT. Oxygen consumption rate (OCR) was measured in adipocytes differentiated from the SVF of ingWAT. Exercise-trained ingWAT had a significantly higher basal OCR ([Figures 3](#fig3){ref-type="fig"}E and 3F), ATP turnover, and maximal respiratory capacity than sedentary ingWAT ([Figure 3](#fig3){ref-type="fig"}F). To determine the effects of exercise training on mitochondrial function in ingWAT *in vivo*, we measured NADH autofluorescence in mice pre-exercise, and on days 5 and 11 of a voluntary wheel running exercise-training regimen. The NADH-positive area and NADH autofluorescence were significantly increased after 5 days of exercise training in ingWAT. After 11 days of exercise training, the NADH-positive area and NADH autofluorescence doubled in size and intensity and was significantly increased in the ingWAT compared with sedentary mice and mice after 5 days of exercise ([Figures 3](#fig3){ref-type="fig"}G--3I).

To determine if changes in genes involved in glucose metabolism resulted in changes in function, we measured the expression of proteins involved in glucose metabolism in ingWAT and glucose uptake in SVF-derived adipocytes. Three weeks of exercise training significantly increased the protein expression of HK2, GLUT1, and GLUT4 in the ingWAT ([Figures 3](#fig3){ref-type="fig"}J--3L). Basal glucose uptake was significantly increased in adipocytes differentiated from the SVF of exercise-trained ingWAT compared with sedentary ingWAT ([Figure 3](#fig3){ref-type="fig"}M), indicating that exercise training increases glucose uptake and metabolism in SVF-derived adipocytes from ingWAT.

Exercise training significantly increased the expression of three genes involved in fatty acid oxidation in ingWAT ([Figure 3](#fig3){ref-type="fig"}C). To determine if exercise increased the expression of proteins involved in fatty acid uptake and oxidation we measured the proteins involved in fatty acid uptake, CD36 and FATP1, in ingWAT. Exercise training did not alter CD36 expression ([Figure 3](#fig3){ref-type="fig"}N), but did increase FATP1 in ingWAT ([Figure 3](#fig3){ref-type="fig"}O). Together, these data indicate that each scWAT depot responds differently to exercise and asWAT and ingWAT are the scWAT depots most sensitive to exercise-induced adaptations.

Variable Effects of Exercise on vWAT Depots {#sec2.3}
-------------------------------------------

The effects of exercise training on gene expression were determined in the six vWAT depots (cWAT, rpWAT, triWAT, prWAT, mWAT, and pgWAT) ([Figures 4](#fig4){ref-type="fig"}, [5](#fig5){ref-type="fig"}, [6](#fig6){ref-type="fig"}, [S2](#mmc1){ref-type="supplementary-material"}, and [S3](#mmc1){ref-type="supplementary-material"}). For cWAT, exercise training had a minimal effect on the expression of mitochondrial genes, with the only gene increased being Nrf1. There was also no effect of exercise training on the expression of genes involved in glucose metabolism or fatty acid oxidation and uptake in cWAT ([Figures S2](#mmc1){ref-type="supplementary-material"}A--S2C). In rpWAT, exercise training increased the expression of two genes involved in mitochondrial activity (*Nrf1*, *Nrf2*), decreased the expression of three genes involved in glucose metabolism (*Aldoa, Tpl1, Pgam2*), decreased the expression of one gene involved in fatty acid metabolism (*Fabp3*), and increased the expression of one gene involved in fatty acid metabolism (*Acsl5*) ([Figures S2](#mmc1){ref-type="supplementary-material"}D--S2F).Figure 4Effects of Exercise on Gene Expression in prWAT(A--C) (A) Expression of genes involved in mitochondrial activity and beiging, (B) glucose metabolism, and (C) fatty acid oxidation in prWAT.Data are presented as means ± SEM (n = 8/group; \*p \< 0.05, \*\*p \< 0.01).Figure 5Exercise Increases Genes Involved in Fatty Acid Oxidation in mWAT(A--C) (A) Expression of genes involved in mitochondrial activity and beiging, (B) glucose metabolism, and (C) fatty acid oxidation in mWAT.(D--J) Protein expression of (D) CS, (E) HK2, (F) GLUT1, (G) GLUT4, (H) CD36, (I) FATP1, and (J) pHSL/HSL in mWAT.Data are presented as means ± SEM (n = 8/group; \*p \< 0.05, \*\*\*p \< 0.001).Figure 6Exercise Increases Mitochondrial Activity and Genes Involved in Fatty Acid Oxidation in pgWAT(A--C) (A) Expression of genes involved in mitochondrial activity and beiging, (B) glucose metabolism, and (C) fatty acid oxidation in pgWAT. Data are presented as means ± SEM (n = 8/group; \*p \< 0.05, \*\*\*p \< 0.001).(D and E) (D) Basal OCR in adipocytes differentiated from sedentary and trained pgWAT and (E) bioenergetic profiles of adipocytes differentiated from sedentary and trained pgWAT. Data are presented as means ± SEM (n = 5/group; \*\*\*p \< 0.001).(F--K) Protein expression of (F) HK2, (G) GLUT1, (H) GLUT4, (I) CD36, (J) FATP1, and (K) pHSL/HSL in pgWAT. Data are presented as means ± SEM (n = 8/group; \*\*p \< 0.01). Data are presented as means ± SEM (n = 8/group).

triWAT is the vWAT depot closest to the triceps skeletal muscle, a muscle that is highly recruited with numerous adaptations in response to wheel running exercise ([@bib1], [@bib17], [@bib31]). Although we hypothesized that the AT depot closest in anatomical proximity to the working muscle would be significantly affected by exercise training, there was no effect of training on the expression of genes involved in mitochondrial activity, beiging, glucose metabolism, or fatty acid oxidation in triWAT ([Figures S3](#mmc1){ref-type="supplementary-material"}A--S3C). Similar to gene expression data, exercise did not alter citrate synthase (CS), HK2, GLUT1, GLUT4, CD36, FATP1, or pHSL/HSL protein expression in triWAT ([Figures S3](#mmc1){ref-type="supplementary-material"}D--S3J). These data suggest that the primary function of the triWAT may not be to provide fuel to the nearby muscle in response to exercise.

The three vWAT depots that were the most affected by exercise were prWAT, mWAT, and pgWAT. Interestingly, these three classes of vWAT each responded to exercise very differently. Exercise training in prWAT decreased the expression of 3 genes involved in mitochondrial activity (*Nrf1, Nrf2, Prdm16*), 2 genes involved in glucose metabolism (*Gpi1, Eno3*), and 10 genes involved in fatty acid oxidation (*Fabp5, Ffar4, Fabp3, Acsl1, Acsl3, Acsl4, Acsl5, Gpd1, Gpd2, Gyk*) ([Figures 4](#fig4){ref-type="fig"}A--4C). This depot was the only AT depot that did not have any increase in gene expression in response to exercise training. For mWAT, the AT depot considered to be the most similar to human visceral WAT ([@bib5], [@bib6]), there was no effect of exercise on altering the expression of mitochondrial or beiging genes ([Figure 5](#fig5){ref-type="fig"}A). There was also no exercise-training-induced change in the expression of genes involved in glucose metabolism ([Figure 5](#fig5){ref-type="fig"}B). The expression of genes involved in fatty acid oxidation and elongation were significantly increased in mWAT after exercise training (*Elovl3, Fabp5, Fabp3, Gpd2*) ([Figure 5](#fig5){ref-type="fig"}C). Similar to gene expression data, there was no change in CS, HK2, GLUT1, or GLUT4 protein expression ([Figures 5](#fig5){ref-type="fig"}D--5G). There was no change in protein expression of fatty acid transporters CD36 or FATP1, or indicators of lipolysis pHSL or HSL ([Figures 5](#fig5){ref-type="fig"}H--5J).

The strongest effects of exercise training in the vWAT depots were in the pgWAT depot. Exercise training increased the expression of several mitochondrial and beiging genes (*Cpt1*, *Nrf1*, *Nrf2*, *Prdm16*), but had no effect on *Ucp1* or *Cidea* in pgWAT ([Figure 6](#fig6){ref-type="fig"}A). Unique from other AT depots, we found that exercise training had opposing effects on genes involved in glucose metabolism in pgWAT, with some genes increased by training (*Glut4, Pgam2, Pkm*) and others decreased (*Pfkp, Aldoa*) ([Figure 6](#fig6){ref-type="fig"}B). Exercise training increased the expression of genes involved in fatty acid oxidation and uptake in pgWAT (*Fabp3, Acsl1, Acsl3, Acsl4, Acsl5, Gyk*) ([Figure 6](#fig6){ref-type="fig"}C).

To determine if exercise training altered mitochondrial function in pgWAT, OCR was measured in adipocytes differentiated from the SVF of pgWAT. Exercise training resulted in a significantly higher basal OCR compared with SVF-derived adipocytes from sedentary mice ([Figures 6](#fig6){ref-type="fig"}D and 6E), but there was no difference in ATP turnover or maximal respiratory capacity when comparing trained versus sedentary SVF-derived adipocytes from pgWAT ([Figure 6](#fig6){ref-type="fig"}E). Exercise training had no effect on the HK2 or GLUT1 protein, but significantly increased GLUT4 ([Figures 6](#fig6){ref-type="fig"}F--6H) in pgWAT. Exercise training did not affect proteins involved in fatty acid uptake (CD36, FATP1) or lipolysis (pHSL, HSL) ([Figures 6](#fig6){ref-type="fig"}I--6K). Together these data indicate that exercise training increases basal mitochondrial activity and GLUT4 in pgWAT, but has little effect on genes or proteins involved in fatty acid metabolism.

Exercise Decreases Mitochondrial Activity and Glucose Uptake in iBAT {#sec2.4}
--------------------------------------------------------------------

We determined the effects of exercise training on gene expression in the five distinct BAT depots (mBAT, prBAT, aBAT, cBAT, and iBAT) ([Figures 7](#fig7){ref-type="fig"} and [S4](#mmc1){ref-type="supplementary-material"}). Exercise training had a minimal effect on the expression of genes involved in mitochondrial activity, glucose metabolism, or fatty acid oxidation and metabolism in mBAT ([Figures S4](#mmc1){ref-type="supplementary-material"}A--S4C), prBAT ([Figures S4](#mmc1){ref-type="supplementary-material"}D--S4F), or aBAT ([Figures S4](#mmc1){ref-type="supplementary-material"}G--S4I). For cBAT, we found that there was a minimal effect of exercise training on the expression of mitochondrial or beiging markers and genes involved in glucose metabolism ([Figures S4](#mmc1){ref-type="supplementary-material"}J and S4K), but an increase in several genes involved in fatty acid oxidation in cBAT (*Ffar4, Fabp3, Acsl1, Gpd1, Gyk*) ([Figure S4](#mmc1){ref-type="supplementary-material"}L).Figure 7Exercise Decreases Mitochondrial Activity and Glucose Metabolism, and Increases Genes Involved in Fatty Acid Oxidation in iBAT(A--D) (A) Expression of genes involved in mitochondrial activity and beiging, (B) glucose metabolism, and (C) fatty acid oxidation in iBAT. (D) Protein expression of UCP1 in iBAT. Data are presented as means ± SEM (n = 8/group; \*p \< 0.05, \*\*p \< 0.01).(E and F) (E) Basal OCR in adipocytes differentiated from sedentary and trained iBAT and (F) bioenergetic profiles of adipocytes differentiated from sedentary and trained iBAT. Data are presented as means ± SEM (n = 5/group; \*\*\*p \< 0.001).(G--L) (G--I) (G) Images and (H) quantification of NADH autofluorescence and (I) NADH-positive area in iBAT. Data are presented as means ± SEM (n = 3/group; \*p \< 0.05). Protein expression of (J) HK2, (K) GLUT1, and (L) GLUT4 in iBAT. Data are presented as means ± SEM (n = 8/group; \*p \< 0.05). [Figure 7](#fig7){ref-type="fig"}G: scale bar, 50μm.(M--P) (M) Glucose uptake in differentiated adipocytes isolated from sedentary and trained iBAT. Data are presented as means ± SEM (n = 3/group). Protein expression of (N) CD36, (O) FATP1, and (P) pHSL/HSL in iBAT. Data are presented as means ± SEM (n = 8/group; \*p \< 0.05).

The tissue most affected by exercise training in the BAT class was iBAT. Exercise increased the expression of multiple mitochondrial genes (*Cidea, Cd36, Cs, Ucp1*), genes involved in glucose metabolism (*Glut4, Hk2, Eno1, Eno3*), and those involved in fatty acid oxidation (*Fabp3, Acsl1, Acsl3, Gpd1, Gyk*) in iBAT ([Figures 7](#fig7){ref-type="fig"}A--7C). There was no effect of exercise training on UCP1 protein expression ([Figure 7](#fig7){ref-type="fig"}D). To determine if changes in mitochondrial gene expression resulted in changes in function, we used three approaches: expression of mitochondrial proteins, oxygen consumption via seahorse, and measurements of NADH autofluorescence in iBAT. OCR was measured in adipocytes differentiated from the SVF, and SVF-derived adipocytes from exercise-trained iBAT had a significantly lower OCR compared with sedentary mice ([Figures 7](#fig7){ref-type="fig"}E and 7F), but no difference in ATP turnover or maximal respiratory capacity ([Figure 7](#fig7){ref-type="fig"}F). These data suggest that exercise decreases the basal OCR of iBAT, whereas it does not decrease its maximal respiratory capacity or alter its ability to be recruited or influenced by various stimuli. To determine the effects of exercise on iBAT *in vivo*, we measured NADH autofluorescence in mice pre-exercise, and on days 5 and 11 of a voluntary wheel running. Interestingly, after 5 days of exercise training, the NADH-positive area and NADH autofluorescence tended to be increased compared with the sedentary mice, whereas after 11 days of exercise training the NADH-positive area and NADH autofluorescence were significantly decreased compared with both the pre-exercise and 5 days of exercise-training values. These data suggest that short-term exercise training (5 days) might acutely increase mitochondrial activity, but 11 days of exercise training decreases the basal mitochondrial activity of iBAT ([Figures 7](#fig7){ref-type="fig"}G--7I).

Exercise training increased genes involved in glucose metabolism in iBAT ([Figure 7](#fig7){ref-type="fig"}B), but had no effect on protein expression of HK2, GLUT1, or GLUT4 ([Figures 7](#fig7){ref-type="fig"}J--7L). Basal glucose uptake was significantly decreased in adipocytes differentiated from the SVF of exercise-trained iBAT compared with sedentary iBAT ([Figure 7](#fig7){ref-type="fig"}M). Interestingly, and similar to what has been observed in human subjects, these data indicate that exercise training decreases basal glucose uptake in iBAT ([@bib22], [@bib40]). Expression of genes involved in fatty acid oxidation was increased after exercise training in iBAT ([Figure 7](#fig7){ref-type="fig"}C), but proteins involved in fatty acid transport (CD36 and FATP1) were not changed ([Figures 7](#fig7){ref-type="fig"}N and 7O). There was a significant decrease in the pHSL/HSL ratio, indicating a decrease in lipolysis ([Figure 7](#fig7){ref-type="fig"}P).

Discussion {#sec3}
==========

The beneficial effects of exercise on metabolic health have typically been attributed to adaptations to skeletal muscle, but recent studies have demonstrated that exercise training results in marked adaptations to AT, including dramatic changes in the gene expression profile ([@bib34], [@bib39]). Most studies of exercise training have focused on a select few AT depots, whereas this dataset provides a comprehensive analysis of the effects of exercise on the gene expression profile of 14 distinct AT depots in mice. These data demonstrate that training results in very distinct depot-specific adaptations. Even within a single class of AT, the various depots responded quite differently to the exercise-training stimulus. This suggests that the different AT depots function differently to the metabolic demands of regular physical training.

Comparison of the three scWAT depots suggests a very different response to training for each depot. Surprisingly, we did not detect any change in gene expression in isWAT in response to exercise training, although exercise training resulted in a decrease in the mass of this tissue. The other scWAT depots, ingWAT and asWAT, were very responsive to exercise training, albeit very differently. Exercise training in ingWAT significantly increased mitochondrial, beiging, and glucose metabolic markers genes, with little effect on fatty acid metabolism genes. In remarkable contrast to ingWAT, exercise training in asWAT resulted in no change in mitochondrial and beiging genes, decreases in glucose metabolic genes, and increases in fatty acid metabolic genes. The opposing responses may stem from the very different anatomical locations of these depots, with asWAT located between the scapulae descending from the neck to the axillae and the ingWAT spreading from the dorsolumbar region to the gluteal region ([@bib7]). These unique locations may lead to differing blood flow responses to exercise, which may also translate to the AT depots supplying fatty acids to different surrounding tissues. These anatomical locations, varying blood flow, and prominence to surrounding tissues may also play a role in the functions of the AT depots across classes. For example, initially we hypothesized that the increases in mitochondrial function and glucose metabolism were prominent in the ingWAT because of its close proximity to the working muscle during exercise. However, when we examined other adipose depots such as the triWAT, there were no changes in these metabolic genes. This suggests that anatomical contiguity to working muscle may not be a primary factor in the response to exercise training.

Multiple studies have indicated an important role of ingWAT in response to exercise ([@bib2], [@bib4], [@bib33], [@bib34], [@bib39]), whereas one recent study indicated that ingWAT could be dispensable for the metabolic health benefits of mice after exercise. Mice that had ingWAT surgically removed still exhibited whole-body metabolic benefits of exercise, including improved glucose tolerance and increased skeletal muscle mitochondrial gene expression ([@bib24]). These data are intriguing, but it is unclear if there were adaptations to the other scWAT depots that occurred in the absence of ingWAT that may have contributed to the metabolic benefit, particularly because the ingWAT accounts for only ∼30% of the total fat mass in a mouse. It is also difficult to determine how to interpret these data in a clinical setting because a human subject would likely not have a comparable complete loss of ingWAT mass and exercise-induced adaptations to ingWAT are observed in human studies ([@bib33]).

Exercise training in rodents increases mitochondrial activity in pgWAT and ingWAT ([@bib29], [@bib34], [@bib35], [@bib39], [@bib43]) and causes a beiging of ingWAT ([@bib2], [@bib4], [@bib25], [@bib34], [@bib39]). In rodents, beige cells can be induced by a variety of stimuli including β3-selective adrenergic agonists ([@bib19]), cold exposure ([@bib25]), exercise ([@bib2], [@bib4], [@bib33], [@bib34], [@bib35], [@bib39]), and an enriched environment ([@bib4]). Upon stimulation, beige adipocytes have a high expression of *Ucp1*, have increased fuel oxidation, and contribute to non-shivering thermogenesis ([@bib28], [@bib42]). The beiging of ingWAT by non-exercise stimuli such as cold exposure, environmental factors, or pharmaceuticals is believed to be induced through a heat-compensatory mechanism in which adrenergic stimulation results in the up-regulation of UCP1 to compensate for heat loss ([@bib3], [@bib8], [@bib14], [@bib15]), but this mechanism does not make sense in the context of exercise-induced beiging, as exercise increases heat production ([@bib27]). One explanation for the exercise-induced beiging of ingWAT is that exercise decreases adipocyte size and lipid content in ingWAT, thus decreasing insulation of the body and necessitating heat production, resulting in the beiging of ingWAT ([@bib20], [@bib23], [@bib30]). This is a logical explanation because both ingWAT and isWAT decrease in mass after exercise. However, the exercise-induced beiging of WAT was only observed in the ingWAT, and not the other scWAT depots (asWAT, isWAT). It is possible that because this depot is the scWAT depot with the largest mass, a decrease in ingWAT mass would have the biggest effect on insulation, thus necessitating heat production. Interestingly, in studies looking at the effects of cold exposure on different AT depots ([@bib10]), some markers of beiging (*Ucp1* and *Cidea*) were also increased in isWAT and asWAT, but other markers, such as *Prdm16,* were only increased in ingWAT ([@bib10]). These data suggest that ingWAT has the most significant beiging response after cold exposure. This same study showed that ingWAT and triWAT had a similar response to cold; both ingWAT and triWAT had an increase in *Ucp1*, *Prdm16*, and *Cidea* to nearly the same extent ([@bib10]). This similar response of ingWAT and triWAT to cold was not seen in response to exercise. Together these data indicate that whereas cold causes similar beiging adaptations to all the scWAT depots and triWAT, exercise induces a differential response to each AT depot.

Multiple studies have examined the effects of exercise on pgWAT and determined that exercise training induces mitochondrial activity ([@bib29]) and expression of GLUT4 and PGC-1α ([@bib9], [@bib16], [@bib29], [@bib35]). Our data support these findings, as we observed an increase in mitochondrial activity and GLUT4 protein expression. However, humans do not have a pgWAT depot; the most prominent vWAT depot in humans is the mWAT, but this depot is understudied in rodents. We determined that exercise training had a minimal effect on mWAT, with the exception of a 50-fold increase in the expression of *Elovl3*, an enzyme that regulates the recruitment and elongation of lipids ([@bib41]). Although further studies will be necessary, it is possible that the training-induced increase in *Elovl3* occurs to increase the *de novo* lipogenesis as a means to replace the lipids that are utilized during exercise ([@bib21]).

The prWAT is a vWAT depot that had decreased expression of genes involved in mitochondrial activity, glucose metabolism, and fatty acid oxidation in response to exercise training. Previous studies in rodents indicated that prWAT behaved similarly to pgWAT in response to a high-fat diet ([@bib36]) or growth factors such as fibroblast growth factor 21 ([@bib13]). However, our data reveal that pgWAT and prWAT have opposing gene expression responses to exercise training. The reason for the different response of prWAT to exercise training is unclear, but it is interesting to note that exercise training induces a distinct response in prWAT compared with other AT depots. This previously unidentified role for exercise to affect prWAT may indicate that this is an important tissue to examine in human subjects in response to exercise.

Previous studies investigating the effects of exercise on BAT in rodents have only examined iBAT ([@bib11], [@bib18], [@bib22], [@bib43], [@bib44]). Studies on exercise in BAT have often conflicting; some studies show that exercise increases mitochondrial gene expression in BAT ([@bib12], [@bib18], [@bib30], [@bib44]), whereas others indicate that exercise decreases mitochondrial activity in BAT ([@bib11], [@bib22], [@bib40], [@bib43]). Our data demonstrate that in mice, exercise increases the expression of mitochondrial genes in iBAT but decreases mitochondrial activity. It is not clear why expression of genes involved in mitochondrial activity is increased in iBAT, whereas mitochondrial activity itself is decreased. BAT is a thermogenic tissue involved in heat production and energy expenditure ([@bib26]). Exercise is also a thermogenic activity, resulting in an increase in both muscle and core body temperature ([@bib27]). As an increase in both BAT activity and exercise can raise the core body temperature, the thermogenic role of BAT might not be needed during exercise. In fact, it has been suggested that BAT is "hypoactive" during exercise ([@bib3], [@bib12]). Although this argues against a role for BAT\'s activation by exercise, BAT is regulated by the sympathetic nervous system (SNS). Exercise also stimulates the SNS and corresponding catecholamine release. It is possible that exercise increases sympathetic input to increase mitochondrial activity, but there is a post-translational regulation in BAT that decreases mitochondrial and thermogenic activity because an increase in thermogenic activity would not be required during exercise at room temperature.

Recent studies have shown that exercise training decreases the ability of iBAT to take up glucose in humans ([@bib22], [@bib40]). Our data in mice also indicate that exercise training decreases BAT glucose uptake and that exercise decreases lipolysis in iBAT. Although glucose uptake is decreased with training, we find that another aspect of BAT metabolism is upregulated by exercise, that is, iBAT endocrine function. We found that exercise alters the endocrine function of iBAT mice, as both acute and chronic exercise increased the release of the signaling lipid 12,13-dihydroxy-9Z-octadecenoic acid (12,13-diHOME) ([@bib32]). Thus, whereas exercise training may down-regulate substrate utilization and energy expenditure in iBAT, other functions may be activated in this class of AT.

In conclusion, exercise training induces beneficial effects to AT, and each depot has a unique and specific response to this physiological stimulus. Defining the specific adaptation of each AT depot in response to exercise may help identify novel therapeutic targets to combat obesity and metabolic disease. Future studies will establish the detailed physiological function of each of these exercise-induced adaptations, and also help to understand the role that all these depots play in the metabolic response to exercise training in humans. Given the rapidly increasing prevalence of obesity and type 2 diabetes, as well as the detrimental consequences of a sedentary lifestyle on human health, exercise studies investigating the regulation of AT depots to combat obesity, type 2 diabetes, and other diseases will be critical.

Limitations of Study {#sec3.1}
--------------------

An important limitation in this study is that only male mice were investigated, at one age and after a fixed period and type of exercise-training program. It is possible that female mice or mice of a different age would have a difference response to exercise, or that different training periods would elicit different responses in the AT depots. An additional limitation of this study is that gene expression was the only measurement performed in all tissues. Future work will investigate the functional adaptations of each AT depot in response to exercise.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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